The charge transfer in collisions of C 2+ ions with the CO molecule and the OH radical has been studied theoretically by means of ab initio quantum chemistry molecular methods followed by a semiclassical dynamical treatment in the keV collision energy range. The comparison of the cross sections calculated for these two collision systems exhibits interesting features with regard to the anisotropy of these processes and the influence of the vibration of the molecular target.
I. INTRODUCTION
In the action of ionizing radiation with biological tissue, damage has been shown to be induced by the secondary particles, low-energy electrons, radicals, or singly-and multiply-charged ions, generated along the track after interaction of the ionizing radiation with the biological medium ͓1͔. Theoretical and experimental studies have been developed in order to understand the different mechanisms involved, in particular a number of recent works has been devoted to collisions between ions and biomolecular systems ͓2-7͔. In these reactions, generally at relatively low energies, different processes have to be considered: excitation and fragmentation of the molecule, ionization of the gaseous target, and also possible charge transfer from the multicharged ion toward the biomolecule. The excitation and fragmentation cross sections are determined experimentally from mass spectra. But charge transfer has been shown to be a complementary process and can be investigated theoretically in the framework of the molecular representation of the collisions. Such studies provide important information on the mechanism as well as on the electronic structure of the projectile and target during the reaction, as shown in recent work on collisions of C q+ ions on uracil and halouracil molecules ͓5-7͔.
Mainly direct processes, where the ions are colliding with a biomolecule, have been, up to now, investigated ͓2-7͔. But, from a biophysical point of view ͓8͔, very important damage may be due to indirect processes where ions are interacting with the medium, generally the water solvent, or the environment and can generate very reactive species. The action of ions on water molecules produces, for example, OH radicals which can, in turn, induce severe damage by interaction with the biological environment. In that sense, we have investigated two test case reactions: the C 2+ +OH→ C + +OH + collision modeling the action of ions on OH radicals created in the medium and the C 2+ +CO→ C + +CO + charge transfer in order to have a look to some possible indirect processes. In a previous study of the C 2+ + OH collision in a linear approach ͓9͔, the influence of the geometry of the molecular target has been investigated, in particular a characteristic mechanism has been pointed out for very constrained geometries of the OH radical. However, a number of effects have to be taken into account in such processes, in particular the consideration of the orientation of the target toward the projectile. Effectively, in previous studies on direct collisions of C q+ ions on uracil and halouracil molecules, charge transfer has been shown to be highly anisotropic with electron delocalization from the target to the colliding ion ͓5-7͔. We have thus undertaken an analysis of the two charge-transfer processes C 2+ + OH and C 2+ + CO with consideration of the orientation of the projectile toward the target, as well as possible variations of the geometry of the target molecule. The influence of rotational coupling has also been investigated and a detailed comparison between both collision systems has been performed in order to extract some more general features of these processes. Ab initio molecular calculations of the potentials and couplings followed by a semiclassical dynamics are performed.
II. THEORETICAL TREATMENT

A. Molecular calculations
For both systems, the geometry may be described by the internal Jacobi coordinates ͕R , r , ␣͖ with the origin at the center of mass of the target molecule, as defined in Fig. 1 . The diatomic molecule corresponds, respectively, to AB = OH for the C 2+ + OH system and AB = OC for the C 2+ + CO one such as, in the linear approach, the collision of the C 2+ ion toward the oxygen atom would correspond to an angle ␣ = 180°in both cases.
The molecular calculations have been carried out using the MOLPRO suite of ab initio programs ͓10͔. The molecular orbitals were optimized in state-averaged complete active space self-consistent field ͑CASSCF͒ calculations using the correlation-consistent quadruple zeta aug-cc-AVQZ basis set of Dunning ͓11͔. The active space includes all valence elec-trons distributed among n =2,3 orbitals for carbon and oxygen and the 1s orbital for hydrogen; the 1s orbitals of carbon and oxygen are frozen in the calculation. Table I . Spin-orbit coupling being negligible in the energy range of interest, we can assume the electron spin to be conserved in the collision process.
The radial coupling matrix elements between all pairs of states of the same symmetry have been calculated by means of the finite difference technique
which, taking account of the orthogonality of the eigenfunc-
with the parameter ⌬ = 0.0012 a.u. as previously tested and using the three-point numerical differentiation method for reasons of numerical accuracy. The rotational coupling matrix elements ͗ K ͑R͉͒iL y ͉ L ͑R͒͘ between states of angular moment ⌬⌳ = Ϯ 1 have been calculated directly from the quadrupole moment tensor from the expression iL y = x ‫ץ‬ ‫ץ‬z − z ‫ץ‬ ‫ץ‬x . The center of mass of the system has been chosen as origin of electronic coordinates.
B. Collision dynamics
The collision dynamics has been performed in the keV laboratory energy range where semiclassical approaches using the EIKONXS code ͓16͔ may be used with a good accuracy as straight-line trajectories are satisfying for energies above 10 eV/amu ͓17,18͔. At the first level of approximation, electronic transitions are assumed to occur so fast that vibrational and rotational motions can be neglected during the collision. The ion-molecule collision may be visualized as an ion bumping into an anisotropic atom. The total and partial cross sections, corresponding to purely electronic transitions, may then be determined by solving the impact-parameter equation as in the usual ion-atom approach, considering the internuclear distance of the molecular target fixed in a given geometry. Such an approach is, of course, relatively crude, but it has shown its efficiency in a number of ion-diatomics ͓19,20͔ and even ion-polyatomics collisions ͓5,7͔ in the keV energy range we are dealing with ͓20͔. Such a treatment has been performed for different geometries of the molecular targets OH and CO as well as for different orientations of these targets toward the C 2+ projectile ion, taking account of all the transitions driven by radial coupling matrix elements. The transitions driven by rotational coupling matrix elements have been analyzed with respect to the collision energies involved in the process. The choice of origin coordinates is expected to be accurate enough for impact velocities lower than 0.5 a.u. ͑E lab = 75 keV͒ to neglect the translation factors ͓21,22͔ in the total cross-section calculations. Such translation effect may be evaluated in the approximation of the common translation factor developed by Errea et al. ͓23͔ . The radial and rotational coupling matrix elements between states ͉ K ͘ and ͉ L ͘ are then transformed, respectively, into
where K and L are the electronic energies of states ͉ K ͘ and ͉ L ͘ and z 2 and zx the components of the quadrupole moment tensor. As shown previously ͓24͔, the translation effect is negligible for collision energies lower than 100 keV and has been evaluated to be less than 3% for the present systems, even at the highest collision velocity v coll = 0.6 a.u. ͑E lab = 108 keV͒. 
III. RESULTS
A. Rotational effect
The first point in such a study is to assess in which collision energy range our dynamical calculations may be accurate for each system. Effectively, we have to consider all the exit channels corresponding simultaneously to the excited states of the C + ion and also all the possible excited states of CO + or OH + , respectively, which could be correlated with the entry channel by means of radial or rotational couplings.
Considering the C 2+ ͑1s 2 2s 2 ͒ 1 S +CO͑ 1 ⌺ + ͒ system, the entry channel being of 1 ⌺ + symmetry, only 1 ⌺ + levels could be involved in the process by means of radial coupling and 1 ⌸ levels by means of rotational coupling. Seven levels are thus to be taken into account with regard to the different excited states of CO + ͓25,26͔ Fig. 3 .
In order to check the influence of the rotational coupling interaction in this charge-transfer process, the collision dynamics has been performed in a wide range of velocities, from 0.05 to 0.6 a.u. ͓͑0.75-108͔ keV laboratory energies͒. In a first calculation, only the 1 ⌺ + states coupled radially have been taken into account. In a second one, all couplings have been considered, the radial coupling matrix elements between, respectively, 1 ⌺ + and 1 ⌸ levels, as well as the corresponding rotational couplings. The total cross sections are displayed in Fig. 4 . They show clearly that for velocities lower than 0.3 a.u. ͑E lab = 27 keV͒, the rotational effect is negligible and the rotational couplings could be neglected in the collision treatment without introducing a significant error. For higher velocities, the contribution of rotational couplings increases with increasing velocity reaching about 30% of the total cross section at v coll = 0.6 a.u.. The rotational couplings must then be taken into account in the calculation.
In the case of the C 2+ ͑1s 2 2s 2 ͒ 1 S +OH͑ 2 ⌸͒ system, the molecular calculations are very complex. Effectively, the exit channels C + +OH + are extremely close in energy and a great number of electronic states have to be taken into account. In this collision system, 2 ⌸ levels are involved and are correlated with the 2 ⌸͕C 2+ ͑1s 2 2s 2 ͒ 1 S +OH͑ 2 ⌸͖͒ entry channel by radial coupling. In a first step, the molecular calculation has thus been performed for the 2 ⌸ states only and molecular states correlated by rotational coupling have not been considered ͓9͔. However, considering the increase of the rotational effect with collision energy, the dynamical treatment has been performed in the reduced ͓0.05-0.35͔ a.u. collision velocity range ͓͑0.75-36.75͔ keV laboratory energies͒. This work is completed now by introducing the 2 ⌺ + states correlated with the entry channel by means of rotational coupling. The potential-energy curves, radial and rotational couplings in the geometry corresponding to the C 2+ ion colliding OH toward the oxygen atom ͑␣ = 180°͒ at equilibrium OH distance, have been calculated in the ͓2-9.5͔ a.u. internuclear distances range. The 2 ⌸ and 2 ⌺ + potentials are presented in Figs. 5͑a͒ and 5͑b͒ and show clearly a very intricate molecular system. The collision dynamics taking into account the radial and rotational interactions may be compared to the previous calculation considering only the radial coupling between 2 ⌸ levels. The results are presented in Fig. 6 and drive the same conclusions as already pointed out for the C 2+ + CO collision system: for collision velocities lower than 0.3 a.u., the rotational coupling effect is weak and may be neglected without introducing significant errors in the crosssection values. This justifies a posteriori our previous results for the linear approach ͓9͔. As the molecular calculations are extremely complex in the case of the C 2+ + OH system, we have considered in further work only the 2 ⌸ states correlated by radial coupling. The rotational effect has been neglected and the dynamic treatment has been reduced to the ͓0.05-0.3͔ collision velocity range.
B. Anisotropic effect
The orientation of the projectile toward the molecular target has been studied in detail for the C 2+ + CO system for geometries corresponding to specific values of the angle ␣ = ͓180°, 135°, 90°, 45°, 0°͔. We thus take into account the collision of the C 2+ projectile in a linear approach toward the oxygen atom of CO ͑␣ = 180°͒, through a perpendicular collision ͑␣ = 90°͒, and the reverse linear approach of the projectile toward the carbon atom of CO ͑␣ =0°͒. to a displacement of the avoided crossing to lower internuclear distances. This may be visualized particularly clearly on the radial coupling matrix elements displayed in Fig. 8 where we can observe a strong lowering of the radial coupling for ␣ = 90°. The orientations ␣ = 45°and ␣ = 0°for the approach toward the carbon atom of CO appear in correspondence, respectively, to ␣ = 135°and ␣ = 180°but with lower couplings. An interesting feature may be pointed out for the 1 ⌸ levels where a strong interaction between the 1 ⌸͕C + ͑1s 2 2s 2 2p͒ 2 P +CO + ͑A 2 ⌸͖͒ and 1 ⌸͕C + ͑1s 2 2s 2 2p͒ 2 P +CO + ͑B 2 ⌺ + ͖͒ exit channels appear for the ␣ = 135°orienta-tion as shown also on the potentials in Fig. 7͑a͒ . Such strong coupling is also present for the correspondent ␣ = 45°geom-etry contrary to the linear and perpendicular orientations where corresponding radial couplings between 1 ⌸ states remain low ͓Fig. 9͔.
The collision dynamics for velocities between 0.05 and 0.6 a.u. carried out for the different orientations are presented in Fig. 10 . If we consider the cross sections corresponding to an identical approach of the projectile, but, respectively, on the oxygen side or carbon side of the CO molecule, it appears clearly that the collision toward the oxygen atom is more favorable than on the carbon side. This is the case in the linear approach, as well as in the 135°and 45°corre-sponding orientations. On the contrary, the collision perpendicularly to the molecular target is markedly less efficient. These results are in complete agreement with the variations of the radial couplings between 1 ⌺ + states pointed out in Fig.  8 . Furthermore, the reaction in the linear approach toward the oxygen atom is the most efficient collision orientation, particularly at higher energies.
The same conclusions may be driven for the C 2+ +OH collision system. The potential-energy curves for the linear approach toward the hydrogen atom ͑␣ =0°͒ at equilibrium distance OH are presented in Fig. 11 . They show globally the same behavior than the potentials obtained for the linear approach toward the oxygen atom ͑␣ = 180°͒ ͓9͔ with however a displacement of the crossing between the entry channel and the 2 ⌸͕C + ͑ 4 P͒ +OH + ͑ 3 ⌸͖͒ exit channels toward shorter internuclear distances. The cross sections calculated in both orientations are presented in Fig. 12 . As already observed for C 2+ + CO, the preferred approach is the linear collision toward the oxygen atom corresponding to the angle ␣ = 180°. The values of the cross sections averaged over the different orientations are displayed in Table II ͑full line͒ and 1 ⌸ ͑broken line͒ states of the C 2+ -CO molecular system at equilibrium, ␣ = 135°. Same labels as in Fig. 2 . ͑b͒ Potential energy curves for the 1 ⌺ + ͑full line͒ and 1 ⌸ ͑broken line͒ states of the C 2+ -CO molecular system at equilibrium, ␣ = 90°. Same labels as in Fig. 2 . maximum, around v coll = 0.2 a.u. for C 2+ + OH, and at higher energies around v coll = 0.5 a.u. for C 2+ + CO.
C. Vibrational effect
As previously pointed out for the C 2+ + OH linear reaction ͓9͔, the collision of the C 2+ projectile ion toward the molecular target may also depend of the geometry of the system corresponding to different values of the vibration coordinate r CO or r OH , respectively. The effect appears markedly less significant in the case of the C 2+ + CO system than already observed on C 2+ + OH. Effectively, as shown on Fig. 13 , the g 34 radial coupling matrix elements between the 1 ⌺ + ͕C + ͑1s 2 2s 2 2p͒ 2 P +CO + ͑B 2 ⌺ + ͖͒ level and the entry channel are very close one to another for the different r CO distances, respectively, r CO = ͓2.3, 2.140 535 31 ͑equilibrium͒, 2.0͔ a.u., in the linear approach of C 2+ toward the oxygen atom ͑␣ = 180°͒. They present only a very small increase in amplitude with increasing r CO distance, but at the same internuclear distance R = 6.5 a.u.. We do not observe the important increase of radial couplings pointed out for the C 2+ + OH collision system, in the same linear geometry ͓9͔. Consequently, the variation of the cross sections for the different r CO values presented in Fig. 14 between the equilibrium distance and the r CO = 2.0 a.u. distance. They show a more significant variation between the equilibrium distance and r CO = 2.3 a.u. in correspondence with the sharper radial coupling peak observed at this distance.
The previous study on the collision of the C 2+ ion on the OH radical in the linear ␣ = 180°orientation has been completed to see the influence of the variation of the r OH distance for the linear approach toward hydrogen ͑␣ =0°͒. The results presented in Fig. 15 show a regular increase of the cross sections with increase of the r OH distance. The effect is relatively important in relative value, somewhat higher than in the previous ␣ = 180°geometry ͓9͔. A specific mechanism observed for ␣ = 180°at very constrained r OH distances is not clearly exhibited in that approach; the vibration of OH being apparently more regular.
IV. CONCLUDING REMARKS
We present a detailed work on the charge-transfer processes induced by collision of the C 2+ projectile ions on the CO molecule and OH radical. This comparative study exhibits several interesting points which appear to be relatively general in these ion-molecule collisions. First of all, the rotational coupling effect appears to be negligible in both cases for velocities lower than v coll = 0.3 a.u., corresponding to a collision energy E lab = 27 keV, and rotational couplings could thus be neglected with a correct accuracy for reactions FIG. 12 . ͑Color online͒ Charge transfer cross sections for different orientations of the C 2+ projectile toward the OH radical at equilibrium. under about E lab = 30 keV, in particular in the case of complex molecular systems as C 2+ + OH. The collision process is highly anisotropic and the charge transfer is clearly favored in the linear approach with reaction of the C 2+ ion toward the oxygen atom. The vibration effect appears relatively smooth in both cases around the equilibrium distance of the molecular target. Such conclusions could be applied in further studies in order to provide a rapid overview of an ion-molecule charge-transfer process.
